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Subaortic obstruction caused by either a restrictive bul-
boventricular foramen in single left ventricle with an
outflow chamber or by a restrictive ventricular septal
defect in tricuspid atresia with transposition of the great
arteries can lead to a hypertrophied, noncompliant ven-
tricle and excessive pulmonary blood flow. This com-
bination is disadvantageous to potential Fontan proce-
dure candidates because they are dependent on good
ventricular function and low pulmonary vascular reo
sistance for survival.
The results of surgical procedures to directly or in-
directly relieve significant subaortic obstruction (gra-
dient >30 mm Hg) in 24 patients, 16 with single left
ventricle and 8 with tricuspid atresia, were reviewed.
Four patients had a left ventricular apex to descending
aorta valved conduit; none survived. Seven patients had
resection of subaortic tissue; four survived and four de-
Subaortic obstruction at the level of the bulboventricular
foramen can occur in patients with single left ventricle either
spontaneously or after pulmonary artery banding (I). Sub-
aortic obstruction may also develop in patients with the
complex of tricuspid atresia, ventricular septal defect and
transposition of the great arteries if the septal defect becomes
restrictive (2). Significant subaortic obstruction can sec-
ondarily cause excessive pulmonary blood flow and a hy-
pertrophied, noncompliant and ischemic myocardium (3).
This combination is particularly disadvantageous to patients
who require low pulmonary vascular resistance and good
ventricular function for a successful Fontan surgical pro-
cedure.
The results of "corrective" surgical procedures (Fontan
or septation) in patients with single ventricle and uncorrected
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veloped heart block at surgery. Adequate gradient relief
was evident in only one of the four survivors. Thirteen
patients had a main pulmonary artery to ascending aorta
anastomosis or conduit; six survived. All survivors had
adequate gradient relief. The overall survival was 42%
(10 of 24). None of seven patients with a subaortic gra-
dient >75 mm Hg survived.
These data show that: 1) Surgical relief of established
subaortic obstruction in patients with single left ventricle
and tricuspid atresia carries a high mortality rate, es-
pecially if the subaortic gradient is >75 mm Hg. 2) The
best procedure appears to be the pulmonary artery to
ascending aorta anastomosis. 3) A clearer understanding
of the factors leading to the development of significant
subaortic obstruction is necessary to prevent it or to
devise improved therapeutic strategies.
(J Am Coil CardioI1987;10:421-6)
subaortic obstruction have been disappointing (3,4). Patients
with a higher subaortic gradient had a worse outcome than
did those with a lower gradient. Therefore, surgical pro-
cedures that directly relieve or bypass the subaortic obstruc-
tion have been devised. These have included a left ventric-
ular apex to descending thoracic aorta conduit, enlargement
of the restrictive bulboventricular foramen or restrictive ven-
tricular septal defect and a main pulmonary artery to as-
cending aorta anastomosis, window or conduit. Published
reports describing the results of these surgical interventions
are limited to case reports (5-9) or experiences with only
a few patients (10,11).
We reviewed the results of surgical procedures aimed at
directly relieving or bypassing the subaortic obstruction in
24 patients with single left ventricle or tricuspid atresia and
transposition of the great arteries at The Children's Hospital
in Boston, from 1973 to 1986.
Methods
Study patients. Medical records of patients with I) sin-
gle left ventricle, an anterior subaortic outflow chamber and
0735-1097/87/$3.50
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Table 1. Summary of Findings in 24 Patients With Single Left Ventricle and Tricuspid Atresia Who Underwent Surgical Relief of
Subaortic Obstruction
Preoperative
Subaortic Gradient Age at
Patient No . Diagnosis (mm Hg) Surgery Surgical Procedure Outc ome
SV, TG A, PS; SIP 80 2.3 Yr LV-Desc Ao conduit Died
Fontan
2 SV , TG A, RAVV atresia; 38 19 Days MPA-Asc Ao Died
SIP coarc t repair , PDA anastomosis
Jig , PAB
3 SV , TGA; SIP coa rct " Small" I Mo MPA-Asc Ao Alive
repair, PDA fig , PAS anastomosis
4 SV,TGA,LAVV 80 5 Mo LV-Desc Ao conduit Died
stenosis; SIP coarc t
repair, PDA lig, PAB
5 SV, TGA, PDA , coarct "Small" 22 Days MPA -Asc Ao Died
anastomosis, coarc t
repair, PDA lig
6 SV, TGA; SIP coa rct 118 2.4 Yr Enlarge BVF Died (CHB)
repair, PAB
7 SV , TGA ; SIP PAS 100 13 Yr MPA -Asc Ao cond uit Died
8 SV, TGA; SIP coarc l 3 1 3.2 Yr MPA-Asc Ao Alive
repair, PDA lig , PAB anastomosis
9 SV, TGA ; SIP coarc t 60 22 Mo L v -Desc Ao conduit Died
repair , PAB
10 SV,TGA,RAVV 44 2 .8 Yr L v -Desc Ao conduit Died
stenosis. PS: SIP PDA
lig, PAB
II SV , TGA, PDA. LAVV " Small" 7 Days Asc Ao-MPA-thorac ic Ao Died
stenosis , IAA type B three-way anastomosis,
PDA lig
12 SV , TG A, RAVV atresia ; 60 4.2 Yr MPA- Asc Ao Alive
SIP coarct repair, PDA anastomos is
Jig , PAS
13 SV, TGA , LAVV atresia ; 108 6.5 Yr Enlarge S VF Died (CHB)
SIP PAB
14 SV , TGA; SIP PAB 44 7. 3 Yr Enlarge BVF Died (CHB)
15 SV. TGA, PS; SIP LBTS 86 9.7 Yr MPA-Asc Ao Died
anastomosis
16 SV, TGA; SIP PDA lig, 70 5.9 Yr Enlarge BVF Alive (CHB)
PAB
17 TA, TGA , pulmonary 35 2.3 Yr Enlarge VSD Alive
atresia; SIP PDA lig,
RBTS
18 T A, TG A, PDA, hypo " Small" 4 Days MPA -Ao Arch conduit, Alive
Ao arch , coarc t PDA Jig
19 TA , TGA ; SIP coarct 54 15 Days MPA-Asc Ao Died
repa ir, PDA Jig , PAS anastomosis
20 TA , TGA; SIP coarct 80 2.5 Mo MPA-Asc Ao Died
repair , PDA lig, PAS anastomosi s
21 TA, TG A; SIP PAB , 75 8.3 Yr Enlarge VSD Alive
Fontan
22 TA , TGA, PDA , coarct " Small" 3 Days MPA -Asc Ao Alive
anastomosis, coarc t
repa ir, PDA Jig
23 TA , TGA. PDA , hypo " Small" 19 Days MPA-Ao arch condu it, Alive
Ao arch, coarcl PDA Jig
24 TA , TGA ; SIP coarct 55 16.3 Yr Enlar ge VSD Alive
repair, PAS , Fontan
Ao = aorta; Asc = ascending; BVF = bulboventricular foramen; CHB = complete heart block ; coarct = coarctation of the aorta; Desc = descend ing;
hypo = hypoplastic ; IAA = interrupted aortic arch; LAVV = left atriov entricul ar valve; LSTS = left Blalock-T aussig shunt; lig = ligation ; LV =
left ventricl e; MPA = main pulmonary arte ry; PAB = pulmonary artery band; PDA = patent ductus arteriosus; PS = pulmonary valve stenosis; RAVV
= right atrioventricular valve; RBTS = right Blalock-Taussig shunt; SIP = status post; SV = single left ventricle; TA = tricuspid atresia; TGA =
transposition of the great arteries; VSD = ventri cular septal defect .
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transposition of the great arteries, or 2) tricuspid atresia and
transposition of the great arteries seen at this hospital from
1970 to 1986 were reviewed. Twenty-four patients who
underwent surgery to relieve or bypass subaortic obstruction
were identified. Subaorticobstructionwas arbitrarily defined
as either a) a gradient >30 mm Hg across the bulboven-
tricular foramen or ventricular septal defect at rest, with a
normal cardiac output and no patent ductus arteriosus, or
b) a defect that was " small" angiographically (less than
one-half of the aortic root diameter) in the neonatal period.
Twenty-one of the 24 patients underwent surgery after 1979.
Table I summarizes the anatomic, clinical and surgical
data for the 24 patients in this report; 16had single ventricle
and 8 had tricuspid atresia. Nineteen (79%) were male and
fi ve were female. The average age at the time of surgery
was 3.6 years (range 3 days to 16 years). Two-thirds (16
of 24) had previous banding of the pulmonary artery (Ta-
ble 2).
Surgical procedures, Three surgical procedures were
utilized: I) Four patients underwent insertion of a left ven-
tricular apex to thoracic descending aorta valved conduit.
2) Seven patients had enlargement of the defect either a)
by resection of the superior margin of the restrictive bul-
boventricular foramen through a ventriculotomy in four pa-
tients with single left ventricle, or b) transaortic partial ex-
cision of the conal septum in three patients with tricuspid
atresia, transposition of the great arteries and a restrictive
ventricular septal defect. 3) On cardiopulmonary bypass and
with deep hypothermic arrest (IS-20°C), 13 patients under-
went a proximal main pulmonary artery to ascending aorta
connection, patch closure of the distal main pulmonary ar-
tery and systemic to pulmonary artery shunt. Of the 13, 7
had end of proximal main pulmonary artery to side of as-
cending aorta anastomosis with a simultaneous systemic
artery to pulmonary artery shunt. Two had main pulmonary
artery to ascending aorta anastomosis with a concurrent right
atrial to pulmonary artery anastomosis (modified Fontan
procedure). Three patients had a proximal main pulmonary
artery to ascending aorta conduit with a simultaneous sys-
temic artery to pulmonary artery shunt. One patient who
also had interruption of the aortic arch, type B, underwent
a three-way graft anastomosis (ascending aorta to main pul-
monary artery to thoracic aorta) and a modified right Bla-
lock-Taussig shunt.
Statistics. Statistical group comparison was performed
using one-tailed analysis of variance and the chi-square test.
Significance was defined as a probability (p) value < 0.05.
Results
Left ventricular apex to descending aorta conduits
(Table 3). Of the four patients (Cases I , 4, 9 and 10) who
underwent a left ventricular apex to descending aorta con-
duit, two (Patients 9 and 10) had a left ventricular end-
diastolic pressure of 20 mm Hg at the time of surgery.
Patient 9 died in the operating room during placement of
the conduit into the left ventricular apex. Patients 10 and I
died in a low output state within 48 hours after surgery.
Patient 4 did well after conduit placement at 5 months of
age. By catheterization at 23 months, she had a 67 mm
Hg gradient across the conduit, the left ventricular end-
diastolic pressure was 15 to 17 mm Hg and the pulmonary
artery band was obstructing both branch pulmonary arteries.
Shortly after the catheterization, the patient became aci-
dotic, developed ventricular fi brillation and could not be
resuscitated. Thus, all four patients with a left ventricle to
descending aorta conduit died, three in the perioperative
period.
Enlargement of the restrictive bulboventricular for-
amen or restrictive ventricular septal defect (Table 3).
Four patients (Cases 6, 13, 14 and 16) with single left
ventricle had enlargement of the restrictive bulboventricular
foramen. All four developed complete heart block at the
time of surgery, three directly related to the resection and
one during external manipulation of the heart. Three of the
four patients died; one had a simultaneous ventricular sep-
tation procedure complicatedby residual subpulmonary out-
flow tract obstruction. Another patient died when a second
procedure was attempted (main pulmonary artery to as-
cending aorta anastomosis) because the restrictive bulbo-
ventricular foramen enlargement by muscle resection was
inadequate. The third patient died in a low output state 5
hours after surgery. In the patient who survived (Case 16),
catheterization showed a reduction in the gradient across
Table 2, Surgical Relief of Subaortic Obstruction in 24 Patients With Single Left Ventricle or Tricuspid Atresia
Mean SAO
No. of Age at Surgery (yr) Gradient Mortality
Cases (mean/median) (mm Hg) PAB (no.)
SV 16 3.712.4 71 12 + 8
4- 4
TA 8 3.5/0 .1 60 4 + 2
4- 0
Total 24 3.6/2.3 68 16+ 10
8- 4
SAO = subaortic obstruction; other abbreviations as in Table 1.
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Table 3. Outcome of Procedures to Relieve Subaortic Obstruction in 24 Patients
Age at Surgery Mean SAO
No. of (yr) Gradient
Patients (mean/median) (mmHg) PAB CHB Mortality
I. Left Ventricle to Descending Aorta Conduits
SV 4 1.8/1.8 66 3 + 3
I- I
TA 0
2. Enlargement of the Defect
SV 4 5.3/5.5 4+ 4 3
TA 3 9.1/8.3 2+ 11- 0 0
Total 7 6.9/5.9 72 6+ 11- 4 3
3. Main Pulmonary Artery to Ascending Aorta Anastomoses
SV 8 3.8/0.1 5+ 2
3- 3
TA 5 0.1/0.1 2+ 2
3- 0
Total 13 2.410.1 64 7+ 4
6- 3
Abbreviations as in Tables I and 2.
the restrictive bulboventricular foramen from 70 to 20
mm Hg.
Three patients (Cases 17, 21 and 24) with tricuspid atresia
underwent enlargement of the restrictive ventricular septal
defect by transaortic resection of the conal septum (Table
3). All three survived and none developed heart block . How-
ever , one of them had no change in gradient across the
restricti ve bulboventricular foramen at postoperative cath-
eterization, and the other two patients have a moderate re-
sidual gradient by postoperative Doppler echocardiography.
In summary. four of the seven patients who had enlarge-
ment of the restrictive bulboventriclar foramen or restrictive
ventricular septal defect survived, but only one of the four
survivors has catheterization-proved evidence of adequate
gradient relief.
Main pulmonary artery to ascending aorta connec-
tions (Table 3). Six (46%) of the 13 patients survived
(Cases 3, 8, 12, 18, 22 , and 23) . Six patients died in the
perioperative period , two of them from low cardiac output.
One patient had a 27 mm Hg gradient across a hypoplastic
aortic arch postoperatively; he died in a low output state 7
days after additional patch augmentation of the aortic arch.
A fourth patient could not be weaned from bypass because
of severe pulmonary valve regurgitation; in spite of valve
replacement with a prosthesis, the patient died in the op-
erating room . One patient died with cyanosis and brady-
cardia 4 days after surgery and another one with Escherichia
coli sepsis 17 days after the procedure. The seventh patient
died of a probable arrhythmia 4 months after surgery. All
six survivors had evidence of adequate gradient relief: two
had a murmur softer than grade 2 by physical examination
and four had a gradient of < 15 mm Hg between the aorta
and ventricle at postoperative cardiac catheterization. Four
of these six patients have successfully undergone a modified
Fontan operation; the other two are currently awaiting a
Fontan procedure.
Overall survival. The overall survival rate was 42% (10
of 24 patients). Patients with tricuspid atresia had a better
survival (6 of 8, 75%) than did those with single left ven-
tricle (4 of 16, 25%) (p < 0 .05) . Survivors had a lower
subaortic gradient than did nonsurvivors (mean gradient 54
± 18 versus 74 ± 26 mm Hg) (p = 0.06). No patient with
a gradient >75 mm Hg survived any surgical procedure .
Discussion
Causes of subaortic obstruction. Various causes of
subaortic obstruction have been recognized in patients with
single left ventricle , an outflow chamber and a bulboven-
tricular foramen or with tricuspid atresia , transposition of
the great arteries and a ventricular septal defect. Some pa-
tients have a congenitally small bulboventricular foramen
or ventricular septal defect (6 of 24, 25% in this series).
Other patients have an identifiable anatomic cause for sub-
aortic obstruction such as excessive endocardial cushion
tissue (12), a deviated conal septum or narrowing in the
outflow chamber itself (13). Some patients appear to acquire
subaortic obstruction. Freedom et al. (1) reported the de-
velopment of subaortic stenosis after banding of the pul-
monary artery in 72% of patients with a single ventricle and
84% of patients with the specific diagnosis of single left
ventricle, outflow chamber and transposition of the great
arteries. An additional cause of "acquired" subaortic ob-
struction has been identified. There were three patients at
lACC Vol. 10, No.2
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our institution (Patients I, 21 and 24) and two reported on
by others (10,11) who developed subaorticobstruction after
a modified Fontan procedure. We speculate that the reduc-
tion in volume overload to the single ventricle resulted in
"approximation" of the edges of the defect, causing sub-
aortic stenosis.
Previous reports. The presence of significant subaortic
obstruction in patients with a single ventricle adversely af-
fects the surgical outcome of Fontan-type repair or ventric-
ularseptation (3,4) . Alternativesurgicaloptionsthatdirectly
relieve or bypass the subaortic obstruction have been uti-
lized. These have included aortopulmonary windows (3,5).
enlargement of the restrictive bulboventricular foramen or
restrictive ventricular septal defect (3.6,9), left ventricle to
aorta conduit (14) and proximal main pulmonary artery to
ascending aorta anastomosis (3,7,8 ,13.15).
There are two reports describing the results of surgical
palliation of subaortic obstruction in patients with single
ventricle. The series of Penkoske et at. (10) included 12
patients. all of whom underwent a procedure to directly
relieve or bypass the subaortic obstruction. Of interest are
two patients who survived an arterial switch procedure and
placement of a right atrium to right ventricle conduit. Two
additional patients survived, one after restrictive bulbo-
ventricular foramen enlargement and the other after proxi-
mal pulmonary artery to ascending aorta and right atrium
to pulmonary artery anastomoses. Lin et at. (II ) reported
the use of proximal pulmonary artery to ascending aorta
anastomosis to relieve a significant (> 30 mm Hg) subaortic
gradient in four patients with single left ventricle, outflow
chamber and subaortic obstruction , Three of the four pa-
tients survived.
Summary of our experience. The overall survival of
only 42% of patients in our study and also the results re-
ported by Penkoske et at. (10) and Lin et at. (II) (overall
survival 44%) clearly demonstrate the high risk of surgical
relief or bypass of subaortic obstruction in the setting of
single left ventricle or tricuspid atresia with transposition
of the great arteries. In our experience, patients with pre-
vious bandingof the pulmonary arteryhad a highermortality
(10of 16. 63%) than did patients without previous banding
(4 of 8, 50%) (p = NS). The least successful surgical
procedure in our series was the left ventricular apex to
descendingaorta conduit. However, two of the four patients
who died had severe left ventricular dysfunctionat the time
of surgery and one died 18 months postoperatively, pos-
sibly related to catheterization. Patients who underwent en-
largementof the restrictive bulboventricular foramen or re-
strictive ventricularseptal defect and mainpulmonary artery
to ascending aortaanastomoses showed similar survival rates,
However. enlargement of the restrictive bulboventricular
foramen in patients with single left ventricle carried a high
risk of complete heart block, Improved delineation of the
conduction tissue in these patients (16) might decrease this
risk. Attempts to enlarge the restrictive ventricular septal
defect in patientswith tricuspid atresia resulted in inadequate
gradient relief. In contrast, patients who underwent main
pulmonary artery to ascending aorta anastomoses had ex-
cellent gradient relief and did not develop heart block, On
the basis of our experience so far, the best surgical option
for these patients is the main pulmonary artery to ascending
aorta anastomosis . This is also supported by the results
reported by Lin er a!' (II) .
Favorable outcome of palliative procedures for subaortic
obstruction was inversely related to the severity of the ste-
nosis. Survivors tended to have a lower subaortic gradient
(mean 54 ± 18 mm Hg) than did nonsurvivors (mean 74
± 25 mm Hg). No patient with a gradient >75 mm Hg
survived any surgical procedure. Interestingly. all patients
in the series of Lin et a!. (II) had a gradient <75 mm Hg,
and the averagepreoperative subaorticgradient for the three
survivors (who had significant subaortic obstruction) was
53 mm Hg.
The differences in surgical survival with respect to anat-
omy and operative procedure were independent ofsubaortic
gradient . Patients with tricuspid atresia had a better survival
than did those with single left ventricle even though the
mean subaortic gradient in both groups did not differ sig-
nificantly (Table 2). Similarly. surgical survival for patients
with a left ventricle to aorta conduit was worse than for the
other two operative procedures . but the mean subaortic gra-
dients for the three groupsshowed no statistically signifi cant
difference (Table 3).
Pulmonary artery banding. A clearer understanding of
factors leading to the development of subaortic obstruction
and prevention of high subaortic gradients is necessary.
Banding of the pulmonaryartery may result in or accelerate
thedevelopmentof subaorticobstructionby producingmyo-
cardial hypertrophy (1). This may occur only in patients
with predisposing anatomic features; not all patients who
undergo pulmonary artery banding develop subaortic ob-
struction. Moreover. there are patients with pulmonary valve
stenosis (Patients I and 15 in our study) or even pulmonary
valve atresia (Patient 17) who develop subaortic obstruction
without previous banding of the pulmonary artery. It is
possible that the ventricular volume overload alone may
result in myocardial hypertrophy. Furthermore. banding of
the pulmonary artery has the potential of distorting the pul-
monaryarteries (detrimental for potential Fontan procedure
candidates) or the pulmonary valve (which may be necessary
as an outlet in some patients). Pulmonary artery banding
may also fail to protect the pulmonary vasculature (17),
jeopardizing candidacy for a Fontan operation. Thus. it ap-
pears that banding of the pulmonary artery can prove coun-
terproductive in patients with a single ventricle and trans-
position of the great arteries.
In patients who have undergone banding of the pulmo-
nary artery, it is important to detect the early development
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of significant subaortic obstruction and intervene before the
obstruction becomes severe. However, if a severe subaortic
gradient (>75 mm Hg) has developed, the therapeutic op-
tions are limited. One option is cardiac transplantation. An
alternative therapeutic possibility is balloon dilation of the
restrictive bulboventricular foramen. Although the defect is
muscular, there is frequently a layer of fibrous tissue at the
margins (6,18). It is possible that balloon dilation could
result in a partial reduction of the gradient and surgery could
then be performed on a less hypertensive and more com-
pliant ventricle. The feasibility of successful balloon dilation
remains to be determined. It is also possible that such a
procedure may result in complete heart block or disruption
of atrioventricular (AV) valve apparatus.
Current practice. To prevent the development of sig-
nificant subaortic obstruction we support the notion (1) that
in neonates with single left ventricle, outflow chamber and
transposition of the great arteries, banding of the pulmonary
artery should be avoided. In these neonates, in older patients
with a restrictive bulboventricular foramen and also in pa-
tients with tricuspid atresia, transposition of the great ar-
teries and a restrictive ventricular septal defect, we currently
perform a main pulmonary artery to ascending aorta anas-
tomosis. The distal main pulmonary artery is closed and,
depending on functional and anatomic considerations, either
a systemic artery to pulmonary artery shunt or a right atrial
to pulmonary artery anastomosis is created. If the transverse
aortic arch is hypoplastic, the distal end of the main pul-
monary artery to aorta anastomosis or conduit is carried
further along the aortic arch as described for palliation of
hypoplastic left heart syndrome (19). If the natural history
of the disease is for the bulboventricular foramen or ven-
tricular septal defect to obstruct with time (independent of
banding of the pulmonary artery), by performing the main
pulmonary artery to ascending aorta anastomosis, the area
of potential obstruction has already been bypassed. The
early and late results of this approach must eventually be
compared with those of the present high risk surgical options
for patients with these complex congenital cardiac lesions.
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